Drosophila melanogaster kinesin-14 Ncd cross-links parallel microtubules at the spindle poles and antiparallel microtubules within the spindle midzone to play roles in bipolar spindle assembly and proper chromosome distribution. As observed for Saccharomyces cerevisiae kinesin-14 Kar3Vik1 and Kar3Cik1, Ncd binds adjacent microtubule protofilaments in a novel microtubule binding configuration and uses an ATP-promoted powerstroke mechanism. The hypothesis tested here is that Kar3Vik1 and Kar3Cik1, as well as Ncd, use a common ATPase mechanism for force generation even though the microtubule interactions for both Ncd heads are modulated by nucleotide state. The presteady-state kinetics and computational modeling establish an ATPase mechanism for a powerstroke model of Ncd that is very similar to those determined for Kar3Vik1 and Kar3-Cik1, although these heterodimers have one Kar3 catalytic motor domain and a Vik1/Cik1 partner motor homology domain whose interactions with microtubules are not modulated by nucleotide state but by strain. The results indicate that both Ncd motor heads bind the microtubule lattice; two ATP binding and hydrolysis events are required for each powerstroke; and a slow step occurs after microtubule collision and before the ATP-promoted powerstroke. Note that unlike conventional myosin-II or other processive molecular motors, Ncd requires two ATP turnovers rather than one for a single powerstroke-driven displacement or step. These results are significant because all metazoan kinesin-14s are homodimers, and the results presented show that despite their structural and functional differences, the heterodimeric and homodimeric kinesin-14s share a common evolutionary structural and mechanochemical mechanism for force generation.
Drosophila melanogaster kinesin-14 Ncd cross-links parallel microtubules at the spindle poles and antiparallel microtubules within the spindle midzone to play roles in bipolar spindle assembly and proper chromosome distribution. As observed for Saccharomyces cerevisiae kinesin-14 Kar3Vik1 and Kar3Cik1, Ncd binds adjacent microtubule protofilaments in a novel microtubule binding configuration and uses an ATP-promoted powerstroke mechanism. The hypothesis tested here is that Kar3Vik1 and Kar3Cik1, as well as Ncd, use a common ATPase mechanism for force generation even though the microtubule interactions for both Ncd heads are modulated by nucleotide state. The presteady-state kinetics and computational modeling establish an ATPase mechanism for a powerstroke model of Ncd that is very similar to those determined for Kar3Vik1 and Kar3-Cik1, although these heterodimers have one Kar3 catalytic motor domain and a Vik1/Cik1 partner motor homology domain whose interactions with microtubules are not modulated by nucleotide state but by strain. The results indicate that both Ncd motor heads bind the microtubule lattice; two ATP binding and hydrolysis events are required for each powerstroke; and a slow step occurs after microtubule collision and before the ATP-promoted powerstroke. Note that unlike conventional myosin-II or other processive molecular motors, Ncd requires two ATP turnovers rather than one for a single powerstroke-driven displacement or step. These results are significant because all metazoan kinesin-14s are homodimers, and the results presented show that despite their structural and functional differences, the heterodimeric and homodimeric kinesin-14s share a common evolutionary structural and mechanochemical mechanism for force generation.
presteady-state kinetics | dynamic modeling | microtubules I n the early stages of mitosis and meiosis, the bipolar metaphase spindle must be established, and kinesin-14 molecular motors play key roles in this process (1) (2) (3) (4) . In contrast to the microtubule (MT) plus-end directed processive kinesins, kinesin-14s are not processive as single molecules; they promote MT minus-enddirected force and use an ATP-promoted powerstroke to crosslink and slide one MT relative to another (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Sequence analysis indicates that all members of the kinesin-14 subfamily are dimeric, yet the structural organization of kinesin-14 motors differs from the N-terminal processive kinesins. The kinesin-14s exhibit C-terminal motor domains connected by an N-terminal continuous coiled-coil stalk with an N-terminal ATP-independent MT binding site (7, (18) (19) (20) (21) (22) . And although most of the kinesin-14s are homodimeric, some yeast species, including Saccharomyces cerevisiae and Candida glabrata, contain heterodimeric kinesin-14s (13, 14, 19) . The conventional hypothesis for homodimeric kinesin-14 force generation proposed that only one motor head interacts with the MT and only one ATP turnover is required to complete the powerstroke (Fig. S1A) (10, 12) . In contrast, our presteady-state kinetics (9, 23, 24) and the results of Kocik et al. (25) concluded that both Ncd heads were required for Ncd force generation and also documented cooperative interactions between the Ncd heads during ATP-promoted MT interactions.
The scheme in Fig. S1B accounted for these results and proposed that both Ncd heads interact with the microtubule, and two ATP turnovers are required (24) .
Through our recent studies on S. cerevisiae Kar3Vik1 and Kar3Cik1, we discovered novel properties of these yeast kinesin14s that challenged the earlier models of how kinesin-14s generate force for their cellular functions (13, 15, (26) (27) (28) . The C-terminal globular domain of Vik1 exhibits the structure of a kinesin motor domain (MD), yet Vik1 as well as Cik1 lack a nucleotide-binding site (13, 26) . Because the C-terminal domain of Vik1 binds MTs independently of Kar3 and with high affinity (26) , it was designated the Vik1 motor homology domain (MHD). A series of site-directed cross-links at the base of the coiled coil near the motor heads of Kar3Vik1 were introduced, and motility assays indicated that both the Kar3MD and Vik1MHD must interact with the MT lattice to generate sustained MT gliding, yet significant unwinding of the coiled coil was not required (>10 Å but <20 Å) (13) . This series of experiments led to the proposal that Kar3Vik1 binds the MT lattice on adjacent MT protofilaments rather than a single protofilament in a head-to-tail fashion because such a small degree of unwinding of the coiled coil would not allow the 8-nm separation required for the two-head bound state. Indeed, high-resolution unidirectional metal shadowing, which strongly emphasizes the surface features when viewed by EM, also captured this mode of MT binding in the presence of ADP. The unidirectional metal shadowing experiments were repeated for Kar3Cik1 and Ncd, and both exhibited this noncanonical MT binding configuration, suggesting that the adjacent MT protofilament binding configuration may be Significance Kinesin molecular motors couple ATP turnover to force production to generate microtubule-based movement and microtubule dynamics. Kinesin-14s are unique in that they are nonprocessive, bind to adjacent microtubule protofilaments rather than step along a single protofilament as observed for processive kinesins, and use a powerstroke mechanism to slide microtubules. Earlier studies proposed that only one head of the Ncd dimer interacts with the microtubule to drive the ATP-promoted powerstroke and therefore only one ATP turnover was required. The results presented here challenge the one head/one ATP turnover hypothesis and define a common pathway for Kar3Vik1, Kar3Cik1, and Ncd. These findings are significant because they reveal that the key principles for force generation by kinesin-14s are conserved from yeast to higher eukaryotes.
characteristic of kinesin-14s in general and not specific to Kar3Vik1 and/or Kar3Cik1 (15) .
CryoEM and subsequent helical reconstruction of the MT complexes of Kar3Vik1 and Kar3Cik1 at different nucleotide states captured the same nucleotide-dependent powerstroke intermediates as reported for Ncd (10) (11) (12) (13) 15) . Apyrase was used to generate the nucleotide-free prepowerstroke state (Fig. 1,  E4 ), and AMPPNP, the nonhydrolyzable ATP analog, revealed a postpowerstroke intermediate in which the coiled-coil stalk was rotated ∼70 degrees toward the MT minus end (Fig. 1, E5 ). Because Kar3Vik1, Kar3Cik1, and Ncd share common structural similarities at distinct nucleotide states, we hypothesized that Ncd must use the same series of structural transitions for force production even though both Ncd motor heads are catalytic.
Therefore, a series of experiments were pursued to test the proposed scheme presented in Fig. 1 and to validate or rule out two earlier models (Fig. S1 ). The following assumptions were made based on earlier studies (9, 13, 23, 24, (26) (27) (28) : (i) In solution, homodimeric Ncd exhibits an asymmetry in which one head holds ADP tightly bound while the partner head holds ADP weakly (E0) (24) . (ii) MT collision is followed by rapid ADP release (E0-E1) (24) . (iii) By analogy to Kar3Vik1, the head that initially collides with the MT (E1) binds α-tubulin in a noncanonical MT binding configuration and is rotated relative to its partner head that binds β-tubulin (E4) (13, 26) . 
Results
Two ATP Turnover Events Are Required Per Powerstroke. Before pursuing new experiments to test the mechanism in Fig. 1 , the pulse-chase and acid-quench presteady-state kinetics experiments were repeated to evaluate whether two ATP binding and hydrolysis events were required before Ncd detachment from the MT as proposed previously (9, 24) . For these experiments, the previously characterized N-terminal truncation of Ncd MC1 was used (9, 23, 24, 29) .
The results presented in Figs. S2 and S3 and Table S1 show conclusively that two ATP turnovers occurred before Ncd detachment from the MT with the interpretation that there was one ATP turnover per Ncd head. These results rule out the model in Fig. S1A , in which only one Ncd head interacts with the MT and one ATP binding event drives the rotation for the powerstroke (10, 12) . However, these results are consistent with the earlier scheme proposed by Foster et al. (24) (Fig. S1B ).
The Foster et al. model (24) (Fig. S1B ) was based on the assumption that the Ncd would have an ATPase mechanochemical cycle more similar to that of kinesin-1 in that there was a MT twohead bound state with one true step, and the second ATP turnover was required to detach Ncd from the MT. Note that this model was proposed before the publications that supported the Ncd lever-arm rotation model (10) (11) (12) . With the more recent insights from studies on Kar3Cik1 and Kar3Vik1, a fresh perspective was needed to test these models, and the next series of experiments were designed to reveal transient intermediates that were not captured previously by mechanistic or structural studies.
A Slow Structural Transition Is Required Before ATP Binding. A new experiment was designed to mimic the reaction condition at the beginning of the cycle where Ncd collides with the MT followed by ADP release and subsequent ATP binding at head 1 (Fig. 1 , E0-E2). For Kar3Cik1 and Kar3Vik1, this strategy was necessary to capture the transient E1 state in which the MHD collided with the MT first (27, 28) . For these experiments, 10 μM Ncd•ADP was rapidly mixed in the stopped-flow instrument with 40 μM MTs plus the fluorescent ATP analog 2′-(3′)-O-(N-methylanthraniloyl) ATP (mantATP). At these concentrations (final: 5 μM Ncd•ADP, 20 μM MTs), Ncd MT association is fast and occurs before mantATP binding (Table S1 ). (Table S1 ). Therefore, these results are consistent with a slow conformational change that occurs after MT collision followed by fast ADP release and before ATP binding. We propose that the experimental design in Fig. 2 has captured the slow conformational change that occurs after MT collision to form the transient E1 intermediate that is poised to bind ATP.
If a slow conformational change were required to form the E1 intermediate poised for ATP binding, then this step can be bypassed by preforming the MT•Ncd intermediate. This strategy was used to measure the kinetics of ATP binding and ATP hydrolysis revealing that both were fast events (Figs. S2 and S3) and to measure the kinetics for phosphate release (Fig. 3 A-C) .
The Intrinsic Rate Constant of Phosphate Release Is Fast. To measure the kinetics of phosphate release, the Martin Webb fluorescently labeled phosphate binding protein (MDCC-PBP) assay was used (30, 31) . The MT•Ncd complex was preformed, MDCC-PBP was added (final concentrations: 2.5 μM Ncd•ADP, 20 μM MTs, 10 μM MDCC-PBP), and then the reactants were rapidly mixed with ATP plus KCl. The additional salt in the ATP syringe does not affect the first ATP turnover but limits additional ATP turnovers by weakening the binding of the second motor head to the MT (31) . ATP binding and hydrolysis occur rapidly at the active site, followed by phosphate release. The phosphate released to solution was bound rapidly and tightly by MDCC-PBP, eliciting an increase in fluorescence that can be quantified (Fig. 3) . Fig. 3A shows representative transients at varying ATP concentrations. These transients are biphasic and display a lag, attributed to ATP binding and ATP hydrolysis. The observed rate of the initial exponential phase of each transient was plotted as a function of ATP concentration (Fig. 3B) , and the hyperbolic fit to the data provides the maximum rate constant of phosphate release at 14.3 s −1 . A phosphate standard curve (Fig. 3C, Inset) was used for each transient to convert the exponential amplitude associated with phosphate release in units of relative fluorescence to units of phosphate concentration. The hyperbolic fit to the data (Fig. 3C ) revealed a maximum amplitude of 1.1 μM phosphate for 2.5-μM Ncd sites, indicating that the phosphate release data represent 44% of the sites. These results are consistent with the interpretation that the experimental design for Fig. 3 A-C captured the intrinsic rate constant of phosphate release from head 1 that occurs after step E3 due to the additional salt added in the ATP syringe for this experiment.
The Slow Structural Transition After MT Collision Can Also Be Captured by Phosphate Release Kinetics. If a slow conformational change were required for ATP binding, then the rate constant of phosphate release would also be slow because phosphate release occurs after ATP binding and ATP hydrolysis. Fig. 3 D-F shows the results in which the kinetics of phosphate release were measured from head 1 and head 2. This experimental design mimicked the start of the cycle as in Fig. 2 
with the MT occurs before ATP binding. Once ATP binding and hydrolysis occur, phosphate is released from the active site. MDCC-PBP rapidly binds the free phosphate released to the solution resulting in an increase in fluorescence. Fig. 3D shows representative transients, and the observed rate of the initial exponential phase associated with phosphate release was plotted as a function of ATP concentration (Fig. 3E) . The hyperbolic fit to the data provided a maximum rate constant for phosphate release at 2.9 s
, consistent with the interpretation that a slow conformational change must occur before ATP binding to limit the rate of phosphate release.
The phosphate standard curve in Fig. 3F was used to convert the exponential amplitude associated with phosphate release in units of relative fluorescence to units of phosphate concentration, and these data were plotted as a function of ATP concentration. The amplitude data can be correlated with the concentration of Ncd sites (5 μM Ncd•ADP) that bind and hydrolyze ATP, followed by phosphate release. The maximum amplitude at 5.7 μM (1.1 P i /Ncd site) is consistent with the interpretation that two ATP turnover events were required before Ncd detachment from the MT (Fig. 1, E0-E6 ).
The phosphate release kinetics (Fig. 3 ), in combination with the results from Fig. 2 , place a slow step early in the scheme after MT collision and before ATP binding. The experimental design for Fig. 3 A-C captured phosphate release after one ATP turnover from head 1 and revealed that phosphate release is intrinsically a fast step at 14.3 s
Computational Modeling of the Proposed Mechanism. To test the validity of the proposed mechanism in Fig. 1 , we performed computational modeling. The transients in Fig. 2A were fit to a single exponential equation. However, from a modeling perspective, this type of model is the analytical solution of a certain class of dynamic systems described by a set of linear ordinary differential equations (ODEs). Though the exponential equation fits the experimental data with a very good degree of accuracy, it has to be refit for different experimental conditions potentially due to the existence of nonlinearity in the powerstroke process, which makes the estimated parameter values inconsistent and difficult to interpret. Therefore, a first principles-based model represented by nonlinear ODEs (32) was developed with the goal to capture the dynamics of the Ncd powerstroke process (shown in Fig. 1 ) for a variety of different initial concentrations of mantATP (Fig. 2) . The model is described in more detail below and summarized in Fig. 4 . Here, * represents the complex after the conformational change has taken place: N 2 ⇌ X 2 . When writing the rate expression, the constants K 1 and K 2 can be combined as part of the overall reaction rate to yield the following expression:
where k 1 and k -1 represent the reaction rates where the information from the three steps above are combined. Eq. 1 describes 
where k 2 is the binding rate of mantATP to the first head and k -2 is the mantATP dissociation rate constant. E2 → E3. MantATP hydrolysis at the first head is fast and nonreversible. E3 → E4. MantATP binding at the first head signals the second Ncd head to bind to the MT and release ADP. MantATP hydrolysis forms the MT•Ncd*•mantADP•P i •Ø intermediate (denoted as X 4 ) in this process. The Ncd*•mantADP•P i head may detach from the MT followed by rapid phosphate release or phosphate release may occur first followed by detachment as Ncd*•mantADP. This coupled event is slow and weakly reversible. Therefore, the steps from E2 to E4 can be combined and modeled as follows:
where k 3 is a reaction rate incorporating the entire process after the binding of mantATP to the first head and before mantATP binding to the second head. It should be noted that the fluorescence signal still exists when mantADP is bound to the first head; however, the intensity may potentially change. E4 → E5. MantATP binds to the second head (denoted as M) to form the MT•Ncd*•mantADP•mantATP intermediate. MantATP binding to the second head promotes the rotation of the coiled-coil stalk, i.e., the powerstroke, and these coupled reactions are fast. E5 → E6. MantATP on the second head is hydrolyzed, and then P i is released to form the MT•Ncd*•mantADP•mantADP intermediate (denoted as X 5 ). This process is fast and nonreversible. Because the fluorescence signal still exists after mantATP hydrolysis, although the change of intensity is unknown, the processes from E4 to E6 are combined and modeled as follows:
where k 4 represents the reaction rate, including the process of mantATP binding to the second head and the subsequent hydrolysis.
Parameter Estimation. The initial concentration of mantATP is different in each of the nine experiments ( Fig. 2A) . Data obtained from experiments 1, 3, 5, 7, and 9 were used for model fitting via parameter estimation, and data obtained from experiments 2, 4, 6, and 8 were used to further validate model prediction accuracy (Fig. 4) . The method used for estimation is explained in detail in SI Materials and Methods. The estimated parameters are listed in Fig. 4C , and the simulation results using the estimated parameters are shown in Fig. 4D . It can be seen , which is consistent with the assumption that the conformational change at the start of the cycle is a slow step. Second, parameter k 2 has a value of 2.31 μM (Table S1 ). Third, the parameter k 3 has a value of 1.36 s
, which is consistent with the experimentally determined rate constant of mantADP release from the second head at 1.4 s −1 and the steady-state ATPase k cat measured at 2.1 s −1 (Table S1 ). Fourth, parameter k 4 has a value of 2.52 μM
, which is within the commonly assumed range of ATP binding rates of 2-3 μM −1 ·s −1 .
Discussion
Earlier studies suggested that only one head of Ncd interacted with the MT at a time (Fig. S1A) , and the data were based on cryoEM studies that failed to capture a stable intermediate with both Ncd heads bound to the MT (10, 12) . MT gliding experiments were performed in which Ncd heterodimers with only one motor head promoted wild-type rates of gliding, and the steadystate ATPase scaled with the concentration of motor heads (12) . These results appeared at the time to provide definitive evidence to support the one head/one ATP turnover powerstroke model. However, these studies can now be interpreted in the context of multiple single Ncd heads driving normal MT gliding. The studies with Kar3Vik1 and Kar3Cik1 provided insights for another potential model for Ncd not previously considered because the assumption at the time was that an Ncd homodimer would bind to the MT in a head-to-tail fashion on a single MT protofilament (Fig. S1B) . The publications documenting that Kar3Vik1, Kar3Cik1, and Ncd bind to adjacent protofilaments on the MT lattice (13, 15) in combination with similarity in their prepowerstroke and postpowerstroke intermediates resulted in the experiments reported here to ask if homodimeric Ncd with two ATP binding sites can modulate MT interactions much like Kar3Vik1 and Kar3Cik1. The scheme in Fig. 1 guided the experiments and led to new insights.
The Initial Steps from E0 to E4 to Form the Prepowerstroke Intermediate.
For Ncd, one head holds ADP tightly and the partner head holds ADP weakly (24) ; therefore, there is an asymmetry in Ncd reminiscent of Kar3Vik1 and Kar3Cik1. We propose based on earlier work that the initial collision with the MT occurs by the head that holds ADP weakly resulting in rapid ADP release at 17.8 s −1 (Fig. 1 , E0-E1; Table S1 ) (24) . The results in Fig. 2 and (Table S1 ) (9), and ATP binding at head 1 is required for head 2 to bind to the MT to form the E3 intermediate (24) . However, in experiments designed to look at mantADP release from head 2 specifically (E3-E4), ATP binding at head 1 was not sufficient for head 2 to release mantADP upon MT association (24) . Rather, ATP hydrolysis was also required to generate the E4 prepowerstroke intermediate ( figure 3 in ref. 24) . In other experiments designed to measure mantADP release from both heads upon MT collision by inclusion of ATP in the MT syringe (Fig. 1, E0-E4 ), the transients were biphasic with an initial fast rate of mantADP at 14.2 s −1 , followed by a second slow phase of mantADP release at 1.85 s −1 ( Fig.  S4 ; Table S1 ). These results are consistent with earlier studies as well as the parameters obtained from the computational modeling (Fig. 4) .
The Steps from E4 to E6 to Complete the Powerstroke. The experiments to measure the steps from E4 to E6 were performed previously (9, 23, 24) , and we propose that head 2 is bound to β-tubulin and nucleotide-free. The pulse-chase experiments (Fig. S2 ) revealed a rapid ATP-promoted isomerization at 81 s −1 , which has been interpreted to represent the structural transitions required to form the intermediate poised for ATP hydrolysis (27, 28) . This postpowerstroke intermediate was captured by cryoEM using the nonhydrolyzable ATP analog, AMPPNP (10, 12) . Acidquench experiments show that ATP hydrolysis was rapid at 26 s −1 ( Fig. S3 ; Table S1) (9, 24) and was required for Ncd to detach from the MT (E6) (24) . Interestingly, ATP hydrolysis for Kar3-Cik1 and Kar3Vik1 were also measured at 26 s −1 (27, 28) , reflecting the similarity of residues at the pivot point for the coiled-coil stalk rotation and the active site residue configuration for ATP hydrolysis. The presteady-state kinetics performed previously measured the dissociation step at 12-14 s −1 (Table S1 ) (23, 24) , and it is proposed that after detachment from the MT, the Ncd E6 intermediate returns to the E0 state, poised to rebind to the MT.
The Ncd•ADP•P i State. For kinesins, the data suggest that the ADP state is the weakest MT bound state. In fact, most kinesins, including Ncd, are purified with ADP bound at the active sites. However, when the equilibrium MT Ncd cosedimentation Fig. 2A) . (D) Model predictions using estimated parameters. Circles are experimental data under different initial concentrations of mantATP ( Fig. 2A) . Solid lines are model predictions for the cases where experimental data were used for training. Dashed lines are the model predictions where the experimental data were not used for training but for validation.
experiments were performed, ADP generated an Ncd intermediate that remained bound to the MT (23). The interpretation was that because of the cooperativity, ADP remained bound to the head detached from the MT with the MT-bound Ncd head, nucleotidefree. In fact, the only state that was weakly bound to the MT was generated by the addition of 2 mM ADP plus potassium phosphate. These data were plotted as the fraction of Ncd partitioning to the supernatant as a function of potassium phosphate concentration. Rather than showing a hyperbolic binding curve, a sigmoidal binding curve was observed, indicating cooperativity between the two Ncd sites (23) . Although it is not known whether detachment of head 1 occurs as an ADP•P i intermediate or whether phosphate release occurs first at 14.3 s −1 followed by detachment as the ADP state (E3-E4), it is reasonable to propose, based on the cosedimentation results and the noncanonical MT binding configuration, that head 1 detaches from the MT directly after ATP hydrolysis as the ADP•P i state. In contrast, Ncd at E6 may detach as the Ncd•ADP state because the MT•Ncd E5 intermediate is bound to β-tubulin rather than α-tubulin. Regardless, the data indicate that Ncd dissociation from the MT and phosphate release are coupled reactions with one occurring rapidly and the other occurring more slowly, and experimentally only the slow step can be observed.
The Computational Model. The results in Fig. 4 provide further evidence to support the proposed mechanism in Fig. 1 . The two most important parameters from the modeling were the prediction of a 4.7 s −1 structural transition that occurs after MT collision and before ATP binding, and a slow step of 1.37 s −1 associated with mantADP release and similar to the experimentally determined rate constant of mantADP release at 1.4 s −1 from the second head and steady-state ATP turnover at 2.1 s −1 (Table S1 ). In fact, it is remarkable that the computational model fit the mantATP binding experimental data so well.
The computational model was also used to test the validity of the Foster et al. (24) scheme in Fig. S1B , which lacks the slow conformational change at 4.7 s −1 early in the cycle. The model predictions for the Foster et al. (24) scheme do not fit the data well, because almost all of the transients and several of the steady states for intermediate mantATP concentrations are poorly predicted by the model. Also, the fits lack the initial lag phase revealed by the experiments in Fig. 2 and captured by the computational model presented in this work in Fig. 4 .
In conclusion, the studies with S. cerevisiae Kar3Vik1 and Kar3Cik1 provided new insights and challenged us to ask experimentally whether homodimeric Ncd behaves more like Kar3Vik1 and Kar3Cik1 than the processive kinesins. The significance of the findings reported here is the conclusion that the key principles for force generation by kinesin-14s are evolutionarily conserved from yeast to higher eukaryotes. In addition, the results show conclusively that for Ncd, two ATP turnovers are required to generate a single powerstroke displacement or step in contrast to conventional myosin II (33) and the processive myosins and kinesins, which require only a single ATP turnover for each step (34, 35) . Therefore, this study implicates the homodimeric kinesin-14s as a novel class of molecular motors where two ATP turnover events are required for each powerstroke-driven microtubule displacement or step.
Materials and Methods
Errors are reported as ±SEM. A complete description of the plasmids, proteins, and methods used is provided in SI Materials and Methods.
